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Aortic root replacement with the pulmonary autograft warrants a thorough 
histologic omparison of the morphologic characteristics of the pulmonary 
and aortic roots. For this purpose nine normal heart specimens (7 neonatal 
and 2 adult hearts) were studied. Histologic study confirmed the collage- 
nous anulus in both roots to be a complex circular-shaped structure, 
intricately interposed between the elastic lamellae of the arterial wall and 
the ventricular structures of the heart. In the sinus the elastic lamellae of 
the arterial wall continue along the luminal side with collagen being 
situated at the outside. At the interleaflet triangle this relation is reversed. 
Surprisingly, islets of elastic fibers were found in the otherwise completely 
collagenous interleaflet triangles. The amount of elastic lamella distal to 
the commissures was in both arteries higher than that in the middle of the 
sinuses, with a preponderance in the aorta as compared with the puhno- 
nary trunk. The pulmonary root anulus proximally inserts into the rela- 
tively thin right ventricular myocardium, whereas the aortic root anulus 
inserts into the thick left ventricular myocardium and several fibrous 
structures. The pulmonary root is hardly supported by the right ventricular 
myocardium, whereas the aortic root is supported by its wedged position 
between the left and right atrioventricular nuli and the bulging thick left 
ventricular myocardium. When the pulmonary autograft is used for aortic 
root replacement i should be inserted as proximally as possible to get the 
support of the fibrous tructures of the left ventricular outflow tract and the 
surrounding ventricular and atrial myocardium. (J Thorac Cardiovasc 
Surg 1997;113:453-61) 
M orphologic descriptions of the aortic and pul- 
monary valve and root had already been pub- 
I 2 lished by the first half of this century.'  More recent 
studies describe the morphology of the aortic valve 
and root in relation to function 3 and in relation to 
congenital malformations. 4'5 With the use of the 
pulmonary autograft for aortic root replacement, a 
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method developed by Ross 6 in 1986, the question 
with regard to the suitability of the pulmonary valve 
and root for use in the aortic position is relevant. 
The clinical results of the pulmonary autograft 
implanted in the aorta with the subcoronary tech- 
nique 7 are good? However, when the complete 
aortic root is replaced by the pulmonary root, not 
only the pulmonary valves but also the pulmonary 
wall are exposed to systemic pressures. Although the 
short-term results with this technique are satisfac- 
tory with regard to the clinical performance, 9-1~ 
some surgeons advise wrapping the pulmonary au- 
tograft to avoid dilation. 7' 22 In this regard the 
pathophysiologic nature of native aortic regurgita- 
tion caused by aortic root dilation 13' 14 may also be 
applicable to the pulmonary autograft in the aortic 
position. 
Therefore amicroscopic morphologic study of the 
components of the pulmonary and aortic roots and 
their proximal insertions with a description of the 
surrounding structures eems appropriate and may 
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Fig. 1. Section of the distal part of the aortic root. 1, 
Protrusion of the elastic (darkly stained) vessel wall, 
slightly above a commissure; 2, collagenous (lightly 
stained) area surrounded by elastic lamellae, constituting 
the most distal extension of the commissure; 3, the 
commissure itself, where the two valve leaflets meet. AS, 
Atrial septum; RCA, right coronary artery. 
give insight into the differences between the pulmo- 
nary and aortic roots in general  and the conse- 
quences of implantat ion of  the pulmonary autograft  
in the aortic posit ion. 
Material and methods 
Material. Nine normal heart specimens were studied. 
Seven hearts of children who died perinatally at a mean 
gestational ge of 38 weeks (range 34 to 40 weeks) were 
obtained from the Leiden Collection of heart-lung speci- 
mens. Two adult hearts (42 and 47 years old) from the 
Department of Pathology of the University Hospital Rot- 
terdam were included to investigate possible age-related 
differences. 
Methods. The specimens were cut in serial sections ap- 
proximately perpendicular to the aortic axis with a thickness 
of 10/zm. Four consecutive sections of the entire specimen 
were put together on one slide. The slides were stained 
alternately with azan, resorcin-fuchsin, hematoxylin-eosin, 
and modified van Gieson's tains. Because the pulmonary 
axis is not parallel to the aortic axis, the plane of sectioning 
of the pulmonary trunk was not transverse. With use of these 
sections three-dimensional reconstructions were made to 
clarify and describe the relationships between the elastic and 
collagenous components of the pulmonary and aortic roots 
and of their insertions in the myocardium. 
Elastic lamellae in the wall of the pulmonary trunk and 
aorta were counted in each specimen at six different 
places: in the middle of each of the three sinus walls and 
2 mm distal to each of the commissures. 
Terms were defined as follows. 
Pulmonary root. The pulmonary root was defined as the 
first part of the pulmonary trunk, from the insertion of the 
pulmonary anulus in the right ventricular myocardium, 
including the semilunar valve leaflets, the wall of the 
sinuses, the interleaflet triangles, the commissures, and 
the sinotubular junction. 
Aortic root. The aortic root is the first part of the aorta, 
from the insertion of the aortic anulus in the left ventrie- 
ular myocardium and the continuation i proximal fibrous 
structures, including the semilunar valve leaflets, the wall 
of the sinuses of Valsalva (with the coronary orifices), the 
interleaflet triangles, the commissures, and the sinotubu- 
lar junction. 
Sinuses. The sinuses include pockets or cavities of the 
pulmonary and aortic roots between the arterial wall and 
the arterial side of the semilunar valve leaflets. The 
sinuses of the aorta are named according to the coronary 
arteries with their ostia (left and right coronary sinus), and 
the sinus without a coronary ostium is the noncoronary 
sinus. The pulmonary sinuses are named by their relation- 
ship to the aortic sinuses: left facing, right facing, and 
nonfacing sinuses.LS 
Sinotubularjunction. The sinotubluar junction was de- 
fined as the borderline between the more distal arterial 
wall and the thinner arterial wall of the sinuses. 
Commissures. The commissures are the sites at the 
arterial wall where two valve leaflets meet. 
Interleaflet riangle. The triangular part of the arterial 
wall in between two sinuses with its base on the ventricular 
myocardium and extending up to the commissures i  the 
interleaflet triangle. 4"5 
Anulus. The anulus is the fibrous structure in the arterial 
root to which the semilunar valve leaflets are attached. 
Proximal fibrous structures. Proximal fibrous structures 
are fibrous structures proximal to the aortic anulus. 
Surrounding structures. Peripheral structures that lie 
adjacent to the aortic or pulmonary root are surrounding 
structures. 
Statistical analysis. The mean values of the elastic 
lamella counts at both levels in the pulmonary trunk and 
aorta were calculated. A t test was used to evaluate the 
differences between both levels of pulmonary trunk and 
aorta and between both arteries at the same level. 
Results 
Pu lmonary  root. The distal part  of the pulmonary 
trunk consists largely of elastic lamel lae arranged in 
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Fig. 2. Schematic drawings of the arterial root after three-dimensional reconstruction showing longitudi- 
nal sections through (A) the middle of a sinus wall and (B) the middle of a commissure and interleaflet 
triangle. 
a concentric fashion. Collagen and smooth muscle 
cells are visible between its layers. Going upstream 
the pulmonary wall shows three protrusions at the 
luminal side. Further toward the heart, collagenous 
condensations are found in the center of these 
protrusions, constituting the most distal extension of 
the commissures. Slightly more proximally, these 
collagenous condensations bulge into the arterial 
lumen, and here the valve leaflets originate (Fig. 1 
and Fig. 2, A and B). 
The collagenous tissue of the commissures i  con- 
tinuous with the collagenous tissue of the interleaflet 
triangles ituated between the diverging valve leaflets. 
The apical one third of the triangle, like the commis- 
sures, consists of collagenous tissue on the inside and 
elastic lamellae on the outside. Going upstream, the 
thickness of the outer elastic wall gradually decreases 
until the entire thickness of the wall is formed by 
collagen (Fig. 2, A and B, and Fig. 3). In the middle of 
the interleaflet triangle an isolated condensation of 
elastic fibers is present at the luminal side, which 
because it is more obvious in the aortic root will be 
further described in that section. 
Although it has the same components as the 
interleaflet triangles, the wall of the adjacent sinuses 
has a different design. The distal part of the sinus 
wall consists of concentric elastic lamellae, compa- 
rable to the more distal vessel wall. Going upstream, 
the number of elastic lamellae decreases and the 
amount of collagen between the elastic lamellae 
increases. In the proximal half of the sinus wall the 
layer of elastic lamellae is restricted to the luminal 
side. The outer side is formed by a collagenous 
layer, which is continuous with the interleaflet tri- 
angles (Fig. 2, A and B, and Fig. 3). In contrast o 
the elastic component in the interleaflet triangle 
where it becomes more and more limited to the 
outer side of the wall, in the sinus wall the elastic 
component is restricted to the luminal side, until it 
disappears at the base of the sinus. Here collage- 
nous tissue constitutes the entire thickness of the 
wall (Fig. 2, A and B, and Fig. 3). At the base of the 
interleaflet triangles and the sinuses many fingerlike 
protrusions of the collagenous tissue extend into the 
underlying myocardium, providing an extensive an- 
chorage of the base of the arterial root. The larger 
part of the pulmonary anulus inserts into the free 
wall of the right ventricular myocardium. The inter- 
leaflet riangle between the left and right pulmonary 
sinuses, with parts of the right and left pulmonary 
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Fig. 3. Section through the aortic root at a more proximal 
level than that in Fig. 1. The arrows indicate part of the 
borderline between the lightly stained collagen and the 
slightly darker stained myocardium. The elastic lamellae 
are darkly stained. 1, Noncoronary sinus with elastic 
lamellae makes up the entire thickness of the sinus wall', 2, 
slightly more proximally, the right coronary sinus shows 
elastic lamellae on the luminal side and collagenous tissue 
inserting into the myocardium on the outer side; 3, more 
proximally, at the base of the left coronary sinus, there is 
only collagenous tissue. The arrowheads indicate the elas- 
tic fibers at the luminal side of the interleaflet triangles. 
AS, Atrial septum. 
sinuses, inserts in the septal part of the right ven- 
tricular myocardium (Fig. 4, A). 
The valve leaflets originate from the intricately 
shaped, circular, collagenous structure that extends 
from the commissures, where it is wedged into the 
elastic vessel wall, to the base of the sinuses and the 
interleaflet triangles. It should be noted, however, 
that the border of the underlying right ventricular 
myocardium is curved, thus the base of the inter- 
leaflet triangles is situated more cranially than the 
base of the sinuses. 
The pulmonary root has no surrounding struc- 
tures except for the adjacent aorta. In some cases 
(n = 2) a collagenous connection was present 
between the aortic and pulmonary roots. This col- 
lagenous connection extended from the interleaflet 
triangle between the right and left pulmonary si- 
nuses to the interleaflet triangle between the right 
and left coronary sinuses of the aortic root (Fig. 5). 
The right ventricular myocardium, the septal part 
more than the thin free wall, slightly bulges on the 
outside. Loose connective tissue is situated in be- 
tween the pulmonary root and the myocardium. 
Aortic root. Although the general principle of a 
collagenous tructure that is intricately interposed 
between a largely elastic vessel wall and ventricular 
structures, as described in the section on the pulmo- 
nary root, is also applicable to the aortic root, there 
are major and minor differences between the roots. 
One of the minor differences i that the sinus walls 
and the interleaflet triangles of the aorta appear to 
be thicker. As mentioned previously, the isolated 
condensations of elastic fibers in the collagenous 
interleaflet triangles are more pronounced. These 
elastic islets are not continuous with the elastic 
lamellae of the arterial wall and they are situated at 
the luminal side of the triangle (Figs. 3 and 6). With 
the decreasing thickness of the interleaflet triangle, 
toward the heart, the number of elastic fibers de- 
creases until they are absent at the base of the 
triangle. The proximal part of the right coronary 
sinus was continuous with a discrete accumulation of
collagen in three specimens; this accumulation of 
collagen was in direct continuity with the membra- 
nous septum in one specimen, whereas in the others 
this was not the case (Fig. 7). 
With regard to the anchorage of the roots in the 
ventricular structures major differences exist be- 
tween the aortic and pulmonary roots. Slightly less 
than half of the aortic root is inserted in the 
myocardium of the left ventricle. This applies to half 
of the left coronary sinus wall, the interleaflet trian- 
gle between left and right coronary sinuses, and the 
right coronary sinus wall (Fig. 4, B, and Table I). 
Similar to the pulmonary root, the base of the 
collagenous part of the aortic root in this area has 
fingerlike protrusions that extend into the underly- 
ing myocardium. This myocardium is, however, 
much thicker than that of the right ventricle, which 
provides a broad area of connection between the 
collagenous protrusions and the myocardium. 
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Fig. 4. A, Schematic representation f the pulmonary 
root related to the site of insertion into he myocardium. 
RV, Right ventricle; RFS, right facing sinus; LFS, left 
facing sinus; NFS, nonfacing sinus. B, Schematic repre- 
sentation of the aortic root related to the site of insertion 
into the myocardium and fibrous structures. The left 
fibrous trigone is situated between the anterior mitral 
valve leaflet and the left ventricular f ee wall. LV, Left 
ventricle; RCS, right coronary sinus; LCS, left coronary 
sinus; NCS, noncoronary sinus; MS, membranous septum; 
RFT, right fibrous trigone; M, anterior mitral valve leaflet. 
More than half of the aortic root circumference 
does not insert in myocardium but continues in 
proximal fibrous structures (Fig. 4, B, Table I). The 
interleaflet triangle between the right coronary and 
noncoronary sinuses proximally continues in the 
membranous septum, which separates th  left ven- 
tricle from the right ventricle and right atrium (Fig. 
Fig. 5. Section of the pulmonary and aortic roots. The 
arrow indicates the conus tendon between both roots. Ao, 
Aorta; PT, pulmonary trunk; RCA, right coronary artery. 
7). Proximally, the right atrial part of this membra- 
nous septum inserts into the atrioventricular (mus- 
cular) septum, separating the right atrium and left 
ventricle. This part contains the atrioventricular 
node. The right ventricular part of the membranous 
septum inserts proximally into the ventricular sep- 
tum myocardium, which contains conducting tissue 
(bundle of His). The left fibrous trigone is situated 
at the proximal part of the left sinus. At one side it 
is continuous with the interleaflet triangle between 
the left and noncoronary sinuses, which proximally 
continues in the anterior mitral valve leaflet. The 
other side inserts into the left ventricular myocar- 
dium (Fig. 4, B, Table I). The right fibrous trigone, 
presenting as a huge accumulation of collagen, is 
located adjacent o the base of the noncoronary 
sinus (Fig. 7). Both the anterior mitral valve leaflet 
(with the left fibrous trigone) and the membranous 
septum are continuous with this structure (Fig. 4, B). 
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Fig. 6. Detail showing part of the isolated condensation 
of elastic fibers (arrow) in the interleaflet triangle, recon- 
structed in Fig. 2. 
Proximally the right fibrous trigone inserts into the 
left ventricular myocardium. 
The aortic root has more surrounding structures 
than the pulmonary root. The thick left ventricular 
myocardium and septal myocardium bulge on the 
outside, forming a collar around the proximal part 
of the aortic root. Loose connective tissue is situated 
between the myocardium and the aortic root. The 
anuli of the right and left atrioventricular valves are 
continuous with the membranous septum and left 
fibrous trigone, respectively, and both are continuous 
with the dorsal side of the right fibrous trigone. The 
aorta apparently is in a wedged position between the 
right and left atrioventricular nuli. The right fibrous 
trigone is also connected to the atrial myocardium but 
fingerlike protrusions of collagen are not present. In 
three specimens the noncoronary sinus distal to the 
right fibrous trigone was closely related to atrial mus- 
cle fiber. In the others loose connective tissue was 
present between these structures. 
>J  
Fig. 7. Section of the proximal part of the aortic root. 
The collagen is darkly stained. The arrow indicates the 
"third body," situated at the proximal part of the right 
coronary sinus. The asterisk indicates the membranous 
septum. RFT, Right fibrous trigone; RA, right atrium; M, 
anterior mitral valve leaflet; LV, left ventricle; T, tricuspid 
valve leaflet. 
Elastic lamella count. The site 2 mm distal to 
the commissures appeared to be representative 
for the distal part of the pulmonary trunk and 
aorta. The numbers of elastic lamellae at this level 
and in the middle of the sinus walls are presented 
in Table I!. The difference between pulmonary 
trunk and aorta at the distal level was evident: 
there were more elastic lamellae in the aortic wall 
compared with the pulmonary wall (66 versus 52; 
p < 0.0008). There was no statistically significant 
difference in the middle of the sinuses between 
the two arteries (40 and 39, respectively; p - 
0.46). Thus the difference within the aorta at the 
two levels (p = 0.000004) was larger than the 
difference within the pulmonary trunk (p < 
0.004). In the nine specimens tudied, the two 
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Table I. Proximal structures of the aortic root 
Proximal structures Aortic circumference 
Myocardium 
Left ventricular myocardium 
Septal myocardium 
Fibrous structures 
Membranous septum 
Right fibrous trigone 
Anterior mitral valve leaflet 
Left fibrous trigone 
Half left sinus 
Interleaflet triangle between left and right coronary sinuses 
Interteaflet triangle between left and right coronary sinuses 
Right coronary sinus 
Interleaflet triangle between right and noncoronary sinuses 
Noncoronary sinus 
Interleaflet triangle between left and noncoronary sinuses 
Left sinus 
adult hearts exhibited more elastic lamellae at the 
distal level ,of the two arteries than the other 
specimens. In the middle of the aortic and pulmo- 
nary sinus walls there were no differences. 
Discussion 
As recognized by several authors the components 
of the arterial roots comprise the vessel wall, char- 
acterized by concentric lamellae, ventricular struc- 
tures (myocardial or collagenous), and a collage- 
nous structure that is interposed between the vessel 
wall and the ventricular structures. 1'2 It is this 
interposed collagenous structure, to which the valve 
leaflets are attached, that we consider to represent 
the anulus. Zimmerman 16 in 1969 described this 
structure as ':a crownlike formation of collagenous 
tissue." By 1923, Lewis and Grant j had observed 
that the anulus "is not a simple ring." Anderson and 
colleagues 5 in 1991 opposed the use of the term 
aortic anulus on the grounds that "the attachments 
of the leaflets are not arranged in a ringlike fash- 
ion." Indeed, the leaflets follow a semilunar pattern. 
It is, however, not the attachment of the leaflets that 
we consider to represent the anulus, but the entire 
collagenous tructure to which they are attached. 
This collagenous tructure is basically a circular 
band that has its distal edge formed like a three- 
peaked crown, whereas its proximal border is char- 
acterized by three fimbriated, less pronounced 
curves. Its connection to the adjacent vessel wall 
distally and the ventricular structures proximally is 
very intricate. Notwithstanding the fact that in the 
case of the aorta a distinctive borderline cannot be 
seen between, part of the anulus and the proximal 
fibrous structures, we consider the term anulus 
applicable. 
The reversed relation of the elastic vessel wall and 
the collagenous anulus in the sinus wall (elastic layer 
inside) and in the interleaflet triangle (elastic layer 
Table II. Elastic lamella count in nine heart 
specimens 
No. 
Level Pulmonary trunk Aorta 
Sinuses 
Children 39 (range 30-46) 39 (range 34-45) 
Adults 38 (37 and 39) 42 (40 and 44) 
Distal 
Children 50 (range 42-65) 63 (range 56-69) 
Adults 59 (55 and 62) 78 (76 and 79) 
outside) as found by us in both the pulmonary and 
aortic root had already been recognized in the aortic 
root by Lewis and Grant. 1 The isolated condensa- 
tions of elastic fibers in the interleaflet triangles of 
the aortic (more pronounced) and the pulmonary 
(less conspicuous) roots have, as far as we are aware, 
not been described before. They might be indicative 
of elastic properties to pass on end-diastolic left 
ventricular pressure, which is useful in the opening 
mechanism of the semilunar valves, as described for 
the aortic valve by Thubrikar and associatesJ 7 A 
collagenous tendon between two opposing interleaf- 
let triangles of the pulmonary and aortic roots was 
found in two of the nine specimens. This structure is 
known as the conus tendon. ~8' i9 The prevalence of 
this tendon is not known. Kerr and Goss, 2° having 
studied the relation between the pulmonary and 
aortic valves in 200 hearts, did not mention this 
tendon. The coilagenous condensation at the prox- 
imal part of the right coronary sinus wall, as present 
in three of nine specimens, has been described 
before by Zimmerman] 6' 21 who assigned the term 
third body to it. He described it as being continuous 
with the anterior part of the membranous septum. 
This "third body" was, however, continuous with the 
membranous septum in only one of our specimens, 
whereas in the other two specimens the third body 
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and the membranous septum were separated by 
muscular ventricular septum. 
With respect to the differences between the 
pulmonary and aortic roots it appears that these 
are both major and minor. The anulus of the 
pulmonary root is anchored in myocardium over 
its entire circumference, whereas this applies to 
only half of the aortic circumference. The right 
ventricular myocardium is thin, thus providing a 
more delicate attachment of the pulmonary anu- 
lus. This contrasts with the thick left ventricular 
myocardium and the proximal continuation of 
more than half of the aortic anulus in fibrous 
structures uch as the membranous septum, the 
right fibrous trigone, the anterior leaflet of the 
mitral valve, and the left fibrous trigone. The sinus 
walls and the interleaflet triangles of the aorta 
appear to be thicker. Surprisingly, we found no 
significant differences between the elastic lamella 
counts in the pulmonary and aortic sinuses, nor 
was there a significant difference at this level 
between the counts in children and adults. Al- 
though the number of studied specimens was 
small, it appears that the number of lamellae in 
the sinuses is fixed. The difference in thickness of 
the sinus walls might be the result of a difference 
in the amount of collagen, smooth muscle cells, or 
ground substance and/or in the thickness of the 
elastic lamellae themselves. At the level distal to 
the commissures, the number of elastic lamellae 
in both arteries was higher than that in the sinus 
walls. In contrast o the situation in the sinus 
wails, at the distal level, this number is not fixed. 
In agreement with the findings of others, 22' 23 the 
adult specimens showed a higher count. The aorta 
has more elastic lamellae than the pulmonary 
trunk and this difference was even more pro- 
nounced in the adult heart specimens. With re- 
gard to a possible growth potential of these 
lamellae no conclusions can be drawn, because 
the thickness of the lamellae, their organization, 
and other components of the medial ayer of the 
vessel wall have to be taken into account. 24' 25 
With regard to the surrounding structures the aorta 
is better encased. In addition to the thick left ventric- 
ular myocardium that bulges and forms a collar around 
the proximal part of the aortic root, the aortic root is 
wedged between the right and left atrioventricular 
anuli and atrial myocardium. The pulmonary root is 
only slightly supported by the thin right ventricular 
myocardium and the adjacent aorta. 
When the pulmonary autograft is used for aortic 
root replacement the following aspects are relevant. 
It should be appreciated that the structures of the 
semilunar valve leaflets 2 and the walls of the sinuses 
in both roots are not essentially different. The 
pulmonary autograft, however, has thinner inter- 
leaflet triangles, the proximal border consists of a 
ridge of relatively thin right ventricular myocardium, 
and it does not contain the proximal fibrous struc- 
tures of the left ventricular outflow tract. For this 
reason the pulmonary autograft should be trimmed 
to leave only a few millimeters of right ventricular 
myocardium as suture area, followed by implanta- 
tion at the level of the anulus 9 to obtain maximal 
support of the fibrous structures of the left ventric- 
ular outflow tract and the surrounding ventricular 
and atrial myocardium. In contrast, in an extended 
autograft procedure this support is not optimal 
because these fibrous structures are not left intact as 
a result of the procedure. 
We thank the Department ofPathology of the Univer- 
sity Hospital Rotterdam for permission to study two of 
their heart specimens. 
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